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High altitudeAs impaired S-cone function has been reported psychophysically this study assessed S-cone function dur-
ing high altitude exposure using electroretinography (ERG) and investigated a possible association with
severity of acute mountain sickness (AMS). This work is related to the Tübingen High Altitude Ophthal-
mology (THAO) study. Standard ERG equipment was used (Diagnosys LLC, Cambridge, UK) with special
protocol settings to extract S-cone function. Twelve subjects were analyzed in the current study and
examinations were performed in Tübingen, Germany (341 m) as baseline and thereafter at the Capanna
Margherita, Italy (4559 m) at high altitude. Results were compared using a paired t-test. Correlations
between ERG measurements and oxygen saturation (SpO2), heart rate (HR) and scores of acute mountain
sickness (AMS-C and LL) were calculated using Pearson’s correlation coefﬁcients. Amplitudes of S-cone b-
waves decreased signiﬁcantly at high altitude (p = 0.02). No signiﬁcant changes were observed for impli-
cit times of b-waves (p = 0.63), a-waves (p = 0.75) or for a-wave amplitudes (p = 0.78). The incidence of
AMS was 50% at high altitude according to AMS-C and LL scores (AMS-CP 0.7 and LLP 5). Heart rate
increased to 84 ± 10 min1 and SpO2 decreased to 71.9 ± 5.7% at high altitude. No signiﬁcant correlation
was found between S-cone ERG parameters and SpO2, HR, AMS-C and LL. For the ﬁrst time our study
deﬁnes a signiﬁcant impairment of S-cone function at high altitude time using objective state of the
art examination methods. No correlation between the functional impairment of S-cones and levels of
AMS was detected.
 2014 Elsevier B.V. All rights reserved.1. Introduction
Color vision in humans is initiated by absorption of light by 3
types of cone photoreceptors (Levin et al., 2011; Wald, 1964; Wald
& Brown, 1965). Two of them, the long and middle wavelength
cones (L- and M-cones), show distinct similarities in chromatic
and morphologic aspects (Gegenfurtner & Sharpe, 1999). The third
type of cones, the short wavelength cones (S-cones), are morpho-
logically and chromatically unique compared to L- and M-cones:S-cones have longer inner segments but smaller pedicles (Ahnelt,
Keri, & Kolb, 1990; Ahnelt, Kolb, & Pﬂug, 1987), have a different
spatial and temporal resolution (Xiao & Hendrickson, 2000), con-
stitute only about 5–6% of all cones (Ahnelt, Kolb, & Pﬂug, 1987;
Hofer et al., 2005), have a different distribution in the retina
compared to the other cones with a greater distribution around
the fovea and a low spectral sensitivity of approximately 420 nm
(Bowmaker & Dartnall, 1980). Many studies have described meta-
bolic differences of S-cones compared to L- and M-cones. This
particularly refers to the metabolic susceptibility of S-cones in dis-
ease conditions (Greenstein et al., 1989; Mortlock et al., 2005;
Yamamoto et al., 1996). Altered color vision at high altitude has
been described in many previous studies (Leid & Campagne,
2001; Smith, Ernest, & Pokorny, 1976; Wilmer & Berens, 1989).
Using psychophysical methods, previous studies stated the
primary role of S-cone function at high altitude. Here, S-cone func-
tion has been reported to be impaired at high altitude before L- and
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Pompe & Tekavcic, 2008; Willmann et al., 2010). However, results
of an objective recording of S-cone function at high altitude were
not published until now.
Compared to L- and M-cones, the human retina has a low num-
ber of S-cones (Ahnelt, Kolb, & Pﬂug, 1987). This is the main reason
for the difﬁcult functional examination of S-cones. The Ganzfeld-
electroretinography (ERG) represents an important objective
examination tool for retinal function in ophthalmology. However,
since the ERGmeasures a sum potential of the whole retina includ-
ing almost all cells in all retinal layers, a small cell population as
the S-cones, show only a small potential. Specialized protocol set-
tings are needed to isolate S-cone responses from other photore-
ceptors in the ERG. In general two techniques have been
described in the past for exclusion of rods and L- and M-cone re-
sponses from S-cone ERGs. The silent substitution technique
(SST) uses a heterochromatic ﬂicker method to extract rod and L-
and M-cone inﬂuences in the S-cone response (Chiti et al., 2003;
Sawusch, Pokorny, & Smith, 1987; Swanson, Birch, & Anderson,
1993). The second method is described as a selective adaptation
technique (SAT) and uses an intense background illumination to
adapt rods and separate S-cone responses from L- and M-cone re-
sponses (Arden et al., 1999; Chiti et al., 2003; Estevez & Spekreijse,
1982; Gouras & MacKay, 1990; Gouras, MacKay, & Yamamoto,
1993). The SST is a more sophisticated technique compared to
the SAT method, which is less time-consuming and a more conve-
nient technique for clinical application (Chiti et al., 2003). But
using an intense light adaptation in clinical routine is limited by
the cooperation of patients due to increased photosensitivity.
However, both techniques require a stable, and from the electrical
perspective noise free environment and no technique guarantees
an S-cone response without any inﬂuences of rods or L- and M-
cones.
The aim of our study was to describe the impact of high altitude
on S-cone function using an objective, state of the art measure-
ment tool such as the Ganzfeld-ERG and to assess the association
between S-cone function at high altitude in relation to acute
mountain sickness (AMS).2. Methods
2.1. Subjects
Fourteen healthy subjects were included in the current study.
All subjects were non-smokers and had no medications. S-cone
responses were recorded in 12 of the 14 subjects (5 males and 7
females; age 25–54 years, mean ± standard deviation: 35.5 ±
9.36 years). Two subjects were excluded from the study due to
severity of AMS with the inability to tolerate the ERG procedure.
All subjects gave written informed consent after having been in-
formed about the nature of the study. This study was performed
in accordance with the tenets of the Declaration of Helsinki and
was approved by the local Institutional Review Board (ethics com-
mittee of the University of Tübingen Medical Faculty, IEC project
number: 258/2010B01). Ophthalmological exclusion criteria were:
spherical ametropia > ±5 dpt and/or cylindrical ametropia > ±2 dpt
and any kind of confounding ophthalmological disease such as cat-
aract, vitreous or corneal opacities and retinal diseases.2.2. Study design
At the Centre for Ophthalmology in Tübingen (Germany, 341 m)
all subjects underwent baseline ERG examination. Subjects as-
cended to the Capanna Margherita (CM; Valais Alps, Italy,
4559 m) according to a well-established exposure protocol asdescribed in Fig. 1 (Bartsch et al., 1988). From Gressoney (Italy)
1635 m to Punta Indren 3260 m all subjects ascended by cable
car followed by a short ascent of 2 h to the Capanna Gnifetti at
3647 m where one night was spent. The ﬁrst day included the as-
cent to the CM in 4–6 h (Fig. 1). All subjects stayed at the CM from
day 1 to day 4 before descent to Gressoney. In the morning of day 2
at high altitude all subjects were subject to the ERG examination.
Before and after altitude exposure subjects had to spend at least
14 days below 2000 m. Assessment of AMS was performed using
the Lake-Louise (LL) and the cerebral score of AMS (AMS-C) imme-
diately before ERG examination as previously described (Roach
et al., 1993; Sampson et al., 1983); if AMS-CP 0.7 and LLP 5 sub-
jects were considered as being mountain sick (Bailey et al., 2006).
Oxygen saturation (SpO2) and heart rate (HR)) were assessed as
previously described (Willmann et al., 2011).
2.3. Electroretinography
ERG recordings were obtained under light adapted conditions
using a Ganzfeld light source and a computer based recording sys-
tem (ColorDome and Espion e2, Diagnosys LLC, Cambridge, UK).
Two drops of tropicamide 0.5% (MydriatikumStulln, Stulln, Ger-
many) were administered for pupil dilatation. Gold cup-electrodes
(Gold Cup Electrodes, Viasys™ Healthcare, Madison, USA) were
placed on both temples as reference and on the forehead as ground
under dim red light. A drop of oxybuprocain 0.4% (Novesine,
OmniVision, Puchheim, Germany) was applied for corneal anesthe-
sia before positioning the Dawson–Trick–Litzkow electrodes (Daw-
son, Trick, & Litzkow, 1979; Gekeler et al., 2006). Impedance levels
were checked to be below 5 kO at 25 Hz before and during ERG
recordings.
The ERG protocol consisted of a blue ﬂash as stimulation
(470 nm; 4 ms; 0.1, 0.3 and 0.5 cd s/m2) on an amber background
(594 nm; 500 cd/m2) to elicit S-cone responses as a modiﬁed SAT
according to previous descriptions by Arden et al. (1999) and Chiti
et al. (2003). This procedure is routinely used in the electrophysi-
ological unit of the Centre for Ophthalmology in the University of
Tübingen. A bright amber background illumination is needed for
light adaptation of rods and saturation of L- and M-cone responses.
The built-in blue LED with 470 nm served as S-cone stimulation.
Since the spectral sensitivity for S-cones peaks at approximately
420 nm, the stimulus strength was adjusted to avoid L- and M-
cone intrusion.
Recordings were averaged using 20 single sweeps. Band-pass
ﬁltering between 0.03 and 30 Hz (Espion e2 built-in ﬁlter) was
used for all S-cone recordings to extract any possible inﬂuences
from L- and M-cones as previously described (Chiti et al., 2003).
2.4. Data analysis
Electroretinographic recordings of the stimulation strengths
(0.1, 0.3 and 0.5 cd s/m2) at baseline were ﬁrst individually ana-
lyzed regarding the typical characteristics of the S-cone response.
The stimulation strength, which individually induces the peak-
to-peak amplitude of S-cone b-wave, was chosen for analysis.
According to ISCEV recommendations (Marmor et al., 2009) the
b-wave amplitude of the S-cone response was quantiﬁed (Fig. 2).
A small a-wave was observed in 9 of 12 subjects and was analyzed
as suggested by the ISCEV standard (Marmor et al., 2009).
Statistical analyses were performed using JMP (Version 8.0.2,
SAS Institute, Cary, NC). Normal distribution was conﬁrmed by
the Shapiro–Wilk test for baseline a- and b-wave amplitudes and
all vital parameters (SpO2, HR and AMS-C) at high altitude. Electro-
retinographic recordings (BL and hypoxia) were compared using a
paired t-test. An unpaired t-test was used for comparison of vital
parameters and the intra-individual percentage change to baseline
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Fig. 1. Graphical ascent proﬁle. Baseline examinations (BL) took place in Tübingen (T; 341 m). All subjects started from Gressoney (G) to the Capanna Gnifetti (CG) and
reached the Capanna Margherita (CM; 4559 m) within 24 h. The ERG examinations were performed at baseline and at day 2 at high altitude.
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Fig. 2. Example of S-cone ERG in the current study. Extracted ERG parameters
(amplitude and implicit time) are illustrated related to the ERG recording.
Compared to baseline examinations b-wave amplitudes (n = 12) were reduced at
high altitude, whereas a-wave amplitudes and implicit times (n = 9) were
unchanged.
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AMS. A signiﬁcance level of p < 0.05 was deﬁned. Pearson’s correla-
tion coefﬁcient was calculated to evaluate a possible correlation
between ERG parameters and vital parameters. Differences of
amplitudes and implicit times between high altitude and baseline
(high altitude  baseline) were calculated for calculation of corre-
lations. Results were described in the text as mean ± standard devi-
ation and are shown in ﬁgures as mean ± 95% conﬁdence interval
(whiskers).3. Results
3.1. Vital parameters
At day 2 at high altitude the mean AMS-C was 1.1 ± 0.8 and LL
was 5.3 ± 2.7 (both baseline = 0). HR increased to 84 ± 10 min1 at
high altitude from 59 ± 8 min1 at baseline and levels of SpO2 de-
creased to 71.9 ± 5.7% from 98.8 ± 1.4% at baseline. Six subjects
were mountain sick (AMS-CP 0.7 and LLP 5) at day 2 on high
altitude. Healthy subjects showed an AMS-C of 0.5 ± 0.3, LL of
3.3 ± 2.2, HR of 80 ± 11 min1 and SpO2 of 74.2 ± 3.7%. Subjects suf-
fering from AMS had an AMS-C of 1.8 ± 0.5, LL of 7.3 ± 1.5, HR of
89 ± 8 min1 and SpO2 of 69.7 ± 6.8%. There were no signiﬁcant dif-
ferences between healthy and mountain sick subjects for HR
(p = 0.17) and SpO2 (p = 0.19).3.2. S-cone ERG
3.2.1. S-cone b-wave amplitude
S-cone b-wave amplitudes of 13.20 ± 8.14 lV at baseline de-
creased signiﬁcantly to 8.83 ± 7.5 lV at high altitude (p = 0.02;
Fig. 2 and 3). Subjects without AMS showed a mean difference of
2.19 ± 6.92 lV between baseline and high altitude (high
altitude  baseline; p = 0.47), with AMS they showed a mean
difference of 6.56 ± 3.48 lV (p = 0.006). The intra-individual
percentage change at high altitude compared to baseline was not
signiﬁcantly different between subjects with and without AMS
(p = 0.51; Fig. 4).3.2.2. S-cone b-wave implicit time
No signiﬁcant differences were observed for S-cone implicit
times between baseline and high altitude. Implicit times were
40.67 ± 5.82 ms at baseline and 39.75 ± 4.43 ms at high altitude
(p = 0.63; Fig. 2 and 3). A difference between baseline and high
altitude for subjects without AMS (mean difference
0.00 ± 8.51 ms; p = 1.0) and for subjects with AMS (mean difference
1.83 ± 4.22 ms; p = 0.34) was not evident. The percentage change
at high altitude was not signiﬁcantly different between subjects
with and without AMS (p = 0.58; Fig. 4).3.2.3. S-cone a-wave amplitude
Amplitudes of a-waves at baseline 3.72 ± 2.12 lV were not
signiﬁcantly different at high altitude with 3.40 ± 2.66 lV at high
altitude (p = 0.78; Fig. 3). Without AMS subjects showed a mean
difference of 0.57 ± 2.07 lV between baseline and high altitude
(high altitude  baseline; p = 0.62), with AMS they showed a mean
difference of 0.13 ± 3.07 lV (p = 0.93). The intra-individual per-
centage change was not signiﬁcantly different between subjects
with and without AMS (p = 0.85; Fig. 4).3.2.4. S-cone a-wave implicit time
At baseline a-wave implicit times were 20.22 ± 1.64 ms, and
were not signiﬁcantly different from high altitude with
20.44 ± 1.24 ms (p = 0.75; Fig. 3). Subjects without AMS showed a
mean difference between baseline and high altitude of 0.25 ±
2.5 ms (p = 0.85) and with AMS 0.6 ± 1.14 ms (p = 0.31). The
percentage change at high altitude was not signiﬁcantly different
between subjects with and without AMS (p = 0.68; Fig. 4).3.3. Correlations
An association between AMS-C, LL, HR and SpO2 and S-cone ERG
parameters was not observed (p 0.09–0.92; data not shown).
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Fig. 4. Intra-individual percentage change at high altitude compared to baseline revealed no signiﬁcant differences between subjects with and without AMS (p = 0.51  0.85).
Dots indicate the percentage difference of one subject between baseline and high altitude. Means were connected (dashed line) to illustrate the difference between subjects
with and without AMS.
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Human color vision relies on a sophisticated transformation of
colored perceptions of retinal cells to neurons in the brain. Several
theories of color perception and color interpretation have been
elaborated (Baumann, 1992; Buchsbaum & Gottschalk, 1983; von
Helmholtz, 1852; Young, 1802). Still, many processes of colordecoding and subjective transformation remain unknown. In our
study we describe for the ﬁrst time the impact of high altitude hy-
poxia on S-cone function using an objective measuring tool – the
ERG.
Due to a well-established ascent proﬁle to the research facility
at 4559 m an incidence of AMS of 50% was found in our study sub-
jects. This corresponds to previous reports where the same ascent
A. Schatz et al. / Vision Research 97 (2014) 59–64 63proﬁle has been used (Schneider et al., 2002). Because of weather
conditions at high altitude, the severity of symptoms of AMS, and
the sophisticated and time-consuming examination technique
two subjects had to be excluded from the ERG recording.
To examine S-cone function in general two techniques are de-
scribed (SST and SAT) and both were adapted for clinical use in
the past (Arden et al., 1999; Chiti et al., 2003; Gouras, MacKay, &
Yamamoto, 1993; Swanson, Birch, & Anderson, 1993). Due to the
more sophisticated and time-consuming method, the SST was
not chosen in the current study. The main problem and limiting
factor of using the SAT is the increased photosensitivity of patients
with retinal degenerations. In the current study healthy subjects
were examined and therefore the examination was not limited
by increased photosensitivity. But the original SAT protocol de-
scribed by Arden et al. (1999) and Chiti et al. (2003), including a
blue LED with 450 nm for stimulation of S-cone responses, was ad-
justed to the built-in LED with 470 nm. As S-cones have a peak
spectral sensitivity at approximately 420 nm (Bowmaker & Dartn-
all, 1980), the usage of 470 nm instead of 450 nm may constitute a
disadvantage. Due to this fact the intensity and bandpass ﬁlter set-
tings were adjusted to avoid L- and M-cone intrusion in the current
study. However, all results should be assessed under consideration
that no S-cone stimulation technique might guarantee an isolated
S-cone response without any L- and M-cone inﬂuences. Further,
the clinical use of S-cone responses is limited by a high inter-indi-
vidual variability (Gouras, MacKay, & Yamamoto, 1993). In the cur-
rent study the same study cohort was used at baseline and high
altitude to compare ﬁndings without any restrictions by inter-indi-
vidual variability.
However, an impaired function of S-cone bipolar cells at high
altitude, expressed by a signiﬁcant reduction of S-cone b-wave
amplitudes, was noted. In contrast to amplitudes S-cone implicit
times and a-wave parameters were not altered at high altitude
compared to baseline. Therefore, using an identical light intensity
a smaller amount of S-cone bipolar cells responded at high altitude
compared to baseline; but the S-cones, which responded to the
stimulation showed proper functional integrity similar to the
recordings at baseline. This ﬁnding was supported by unaltered
b-wave implicit times. Additionally a-wave amplitudes and impli-
cit times as measure of photoreceptor function revealed no signif-
icant changes at high altitude compared to baseline. The inner
retinal layer is supplied by retinal vessels, which account for
approximately 30% of the retinal blood supply (Henkind, Hansen,
& Szalay, 1979). In contrast to the inner retinal layer, the photore-
ceptor layer is supplied by the choroidal vasculature, which ac-
count for approximately 70% of the retinal blood supply
(Henkind, Hansen, & Szalay, 1979). This fact may explain the differ-
ences between the susceptibility to hypoxia of bipolar cells and
photoreceptor cells in our study.
Altered S-cone function under various hypoxic conditions has
been supported previously by several studies (Karakucuk et al.,
2004; Leid & Campagne, 2001; Smith, Ernest, & Pokorny, 1976;
Tekavcic-Pompe & Tekavcic, 2008; Willmann et al., 2010; Wilmer
& Berens, 1989). Connolly et al. e.g. demonstrated a greater impair-
ment for the S-cone system compared to the L- and M-cone path-
way under normobaric hypoxia when assessing chromatic
sensitivity (Connolly et al., 2008). They concluded that a greater
metabolic consumption of the S-cone system compared to other
cone types might be the cause. It is not fully understood why the
S-cone system is predominantly affected by hypoxia, but the mor-
phological and metabolic peculiarities of S-cones may be responsi-
ble for their susceptibility. During exposure to 3000 m above sea
level Karakucuk et al. (2004) reported a signiﬁcantly reduced
blue-yellow discrimination in acclimatized subjects. A decrease
in tritan axis discrimination has also been described during an
expedition to extreme altitudes on Mount Everest (Willmannet al., 2010). Even at an moderate altitude of 3660 m Vingrys and
Garner (1987) described signiﬁcantly increased error scores on col-
or tests for red–green and blue–yellow discrimination. Decreased
S-cone function, however, was reported also to be present in sev-
eral retinal diseases where hypoxia is involved in the pathophysi-
ological mechanisms (Aldebasi et al., 2003; Greenstein et al., 1989;
Muntoni et al., 1982; Swanson, Birch, & Anderson, 1993; Yamam-
oto et al., 1996). Interestingly, diabetic patients in one of these
studies (Muntoni et al., 1982) had no signs for diabetic retinopathy
but impaired S-cone function. Thus, altered S-cone function may be
an early sign for hypoxic damage in the retina and a possible diag-
nostic tool.
In order to address whether S-cone function may be an indica-
tor for hypoxia related alterations, we calculated correlations be-
tween scores of AMS (AMS-C and LL), vital parameters (SpO2 and
HR) and ERG parameters. However, no correlations were noted be-
tween S-cone ERGs and AMS scores or vital parameters. On the
other hand the difference between baseline and high altitude (high
altitude  baseline) was not signiﬁcant for the sub group analysis
of subjects without AMS (p = 0.47). But subjects with AMS showed
a signiﬁcant difference between baseline and high altitude
(p = 0.006). This ﬁnding may indicate a possible association of
AMS with S-cone b-wave amplitudes, which was not observable
using the Pearson’s correlation analyses.
Interestingly, the inner-retinal function is, compared to down-
stream neurons as e.g. ganglion cells, relatively resistant to hypoxia
(Vingrys & Garner, 1987). We were nevertheless able to show sig-
niﬁcant changes of parameters of S-cone ERG, which indicate a
deterioration of the inner-retinal layer function. Further studies
should include subjective examinations of the three cone types
in conjunction with ERG recordings, which allow for separation
of the three cone pathways.
Motivated by previous studies showing a predominant alter-
ation of S-cone function at high altitude (Willmann et al., 2010)
using psychophysical testing methods, we aimed to objectively de-
scribe the impact of high altitude on the S-cone pathway using an
extended protocol and state of the art ERG equipment. Our results
showed for the ﬁrst time an objectively measured attenuation of S-
cone function at high altitude, which conﬁrms previously reported
deterioration of subjectively assessed S-cone function (Karakucuk
et al., 2004; Leid & Campagne, 2001; Smith, Ernest, & Pokorny,
1976; Tekavcic-Pompe & Tekavcic, 2008; Willmann et al., 2010;
Wilmer & Berens, 1989). In addition S-cone function may predict
for hypoxic impairment of retinal cells at high altitude. Electronic
devices, maps and signals used at high altitude should be designed
according to a functional impairment of S-cones.Acknowledgments
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